4. Simulation of Milwaukee Harbor Estuary discharge, November 7-12, 1983 
FACTORS FOR CONVERTING INCH-POUND TO METRIC (SI) UNITS
For readers who prefer to use metric (International System) units rather than the inch-pound units used in this report, conversion factors are listed below. 
Multiply inch-pound unit

INTRODUCTION
The Milwaukee Harbor Estuary is located or the eastern edge of the city of Milwaukee adjacent to Lake Michigan ( fig. 1 ). The estuary is formed by the convergence of the Milwaukee, Menomonee, and Kinnickinnic Rivers with Lake Michigan. The estuary consists of the three tributaries, an inner harbor, and an outer harbor area ( fig. 1 ). The riverine area of the estuary extends 3 mi upstream from the mouth of the Milwaukee River to the dam near North Avenue, 2.2 mi upstream from the Menomonee River's confluence with the Milweukee River up to a low-head dam near 35th Street, anl 1.7 mi upstream from the mouth of the Kinnickinnic River to South Chase Avenue (see detail on pi. 1). The Milwaukee and Menomonee Rivers flow into the inner harbor area from the northwest. The Kinnickinnic River flows from the southwest into the inner harbor area known as the "turning" or "mooring" basin. The inner harbor area is connected to the much larger oute" harbor area by a 2,000 ft long channel (Jones Island channel). The estuary is navigable by Great Lakes vessels except for the upper reaches of the Milwaukee anc* Kinnickinnic Rivers where dredging has been discontinued.
The estuary tributaries have a combined watershed drainage area of 856 mi2 . The Milwaukee, Menomonee, and Kinnickinnic Rivers have watershed areas of 702.134, and 20.2 mi2, respectively (U.S. Geological Survey, 1984) .
Discharge through the inner-to-outer harbor connecting channel is a function of both the tributary river inflow to the inner harbor and the Lake Michigan seiche. Flow conditions in the channel are extremely unsteady; alternating upstream and downstream discharges may occur within an hour. Existing gaging stations are only capable of providing average daily discharge data within the estuary. Therefore, discharges within the harbor were estimated by use of a flow model. The purpose of this project is to estimate discharge at selected locations within the estuary. This effort is part of the comprehensive Milwaukee Harbor Estuary study (MHES) conducted cooperatively by the U.S. Geological Survey, the Southeastern Wisconsin Regional Planning Commission (SEWRPC), and the Milwaukee Metropolitan Sewerage District (MMSD). Other U.S. Geological Survey project elements included water-quality sampling efforts, operation of seven stream-gaging stations with automated suspended sediment samplers, and a groundwater-quality investigation of the Menomonee River valley within the estuary (Southeastern Wisconsin Regional Planning Commision, 1981) .
Purpose and Scope
The purpose of this report is to describe the simulation of flow in the Milwaukee Harbor Estuary by use of a one-dimensional unsteady-flow model. The model simulates discharge for the Lake Michigan backwateraffected tributary reaches, the inner harbor, and the inner-to-outer harbor connecting channel. The modeled area encompasses 1,630 acres of surface water and includes 6.9 mi of river length (Southeastern Wisconsin Regional Planning Commission, 1981) . In addition to the three major tributary reaches, the estuary contains two shipping canals with significant storage. These canals are known as the Burnham and South Menomonee Canals; they are located adjacent to the Menomonee River upstream of its confluence with the Milwaukee River (pi. 1).
The model was used to simulate discharge at 5-or 15-minute intervals, including stage, average crosssectional velocity, and net discharge for selected cross sections in the Jones Island channel, in the inner harbor, and in the backwater-affected estuary tributaries. Discharge in the outer harbor area was not simulated by the model. Continuous discharge was simulated for selected time periods that correspond to the waterquality-sampling efforts referred to previously. Six such periods were simulated during the 1982-84 water years. 1 Simulation periods ranged from 5 to 13 days for various flow conditions.
MILWAUKEE HARBOR ESTUARY UNSTEADY-FLOW MODEL
A branch-network unsteady-flow model (Schaffranek arid others, 1981) was used to simulate the stage and discharge throughout the estuary. This onedimensional (horizontal direction) model is based c n an implicit, finite-difference formulation of the continuity and momentum flow equations. The model's discharge and velocity outputs represent the cross-sectional average at a given channel location. The model can accommodate local point-source inflow and diversion and also "c^ad-end" channel-boundary conditions.
Model Design
The model schematic of the estuary is depicted in figure 2 . The schematic consists of, 12 branches or subreaches bounded by external or internal junction node points. Each branch is represented in the model by at least two channel cross sections to reflect local hydraulic characteristics. Actual cross-section locations are shown on plate 1. The same cross section is used to represent both the downstream end of one branch anc' the upstream end of another at an internal junction.
External junction numbers 5, 8, and 10 are us-xl to represent the upstream boundaries of the Milwaukee, Kinnickinnic, and Menomonee Rivers, respectively. The computational boundary conditions at these junction* are given to the model as continuous discharge records. These discharge records are obtained from nearby gaging stations.
External junction numbers 7,12, and 13 are us^d to represent the upstream endpoints of the Mun'cipal Mooring Basin, the South Menomonee Canal, an~i the Burnham Canal, respectively. The boundary cond *ions at these junctions are given to the model as zerodischarge (null) flow equations.
External junction number 1 represents the downstream end of the Jones Island channel that con.-nects the inner and outer harbor areas. Continuous stage records are given to the model as the endpoint boundary condition. The stage records used were obtained from U.S. Geological Survey stage recorders at the Jones Island site and/or from the U.S. Coast Guard station during periods when the Jones Island recorder malfunctioned.
The Wisconsin Electric Power Company (WF.PCO) powerplant diverts cooling water from the Menomonee River. This is represented by a withdrawal of 250 ft3 /s at junction number 9 and a 250 ftVs inflow at junction number 11.
Model Implementation
Channel conveyance and storage characteristics for each model segment of the estuary were defined by cross-sectional geometry, segment length, Manning's roughness coefficient, and the velocity-distribution momentum coefficient. Of these, channel geometry and segment length were measured values. Manning's roughness coefficient and the momentum coefficient were initially estimated and then adjusted during the model-calibration procedure to obtain the best agreement between simulated and recorded data. A discussion of various harbor characteristics affecting the model's implementation is given in the following sections.
Channel Geometry
The inner harbor is dredged to maintain a 27-ft navigation depth. The Menomonee and lower Kinnickinnic Rivers are dredged to maintain a 21-ft navigation depth. Channel geometry tends to be. very uniform because of maintenance dredging. The cross-section locations used to define the model segments were selected to represent the average hydraulic conditions in a segment or to represent a significant constriction within a branch. Care was also taken in locating cross sections so that the total channel storage capacity was accounted for in the model. Cross-sectional-geometry data were obtained from the U.S. Army Corps of Engineers' (Corps) bathymetric maps of the estuary. These maps are made in conjunction with the Corps' navigational dredging operations. Data for the Menomonee River, Kinnickinnic River, and the inner harbor area were obtained from maps made after the December 1981 dredging operation. The Milwaukee River has not been maintained for navigational purposes upstream of East Buffalo Street since 1955. Channel-geometry data for the Milwaukee River upstream of East Buffalo Street were obtained from soundings made by the Corps in May 1983. Channel segment lengths were determined using Corps 1 inch = 100 feet bathymetric maps and U.S. Geological Survey 1:24,000 quadrangle maps.
Hydraulic Considerations
A number of factors that affect estuary hydraulics, in addition to tributary inflow and outer harbor stage, were considered in model application. These factors included the WEPCO powerplant cooling water diversion, operation of two low-flow augmentation flushing tunnels in the estuary, and local watershed inflow to the estuary downstream of the gaging stations. These factors are discussed in the following paragraphs.
The WEPCO powerplant is located between the Menomonee River and the South Menomonee Canal. The powerplant diverts 250 ftVs from the Menomonee River near South 11th Street (pi. 1) and discharges heated water into the South Menomonee Canal. This diversion exceeds the average flow of the Menomonee River of 92 ftVs (U.S. Geological Survey, 1984) . During summer, the river flow typically drops below 20 ftVs. Previous physical model studies performed by the Massachussets Institute of Technology (Harleman and Stolzenbach, 1967) indicated that cooling water required in excess of the Menomonee River flow was obtained via an upstream flow of Lake Michigan or Milwaukee River water along the channel bottom. The cooling water discharged to the South Menomonee Canal is warmer than the upstreamflowing water and remains at the surface as it flows downstream. Therefore, two distinct flow layers with opposing flow directions may be present in the Menomonee River and the inner harbor area. The physical-model results are supported by temperature measurements made in the Menomonee River at the Muskego Avenue and S. Second Street bridges and in the Milwaukee River at Water Street. These measurements were made as part of this study during related water-quality-sampling events. The temperature measurements indicate colder Lake Michigan water is periodically present along the channel bottom at all three sites.
The branch-network model used in this study simulates only the net average discharge and velocity at a cross section. The model does not compute flow in multiple layers. During periods of low flow in the Menomonee River the model computation results apiear to indicate that a recirculation of cooling water is occurring along a path from junction 9, through the WEPCO powerplant, to junction 11, to junction 4, and back to junction 9 ( fig. 2 ). During periods of Menomonee River flow in excess of 250 ftVs, no such recirculation is indicated. There is not actually any recirculation of hot water because the cooling water is withdrawn from the upstream flow along the bottom while the wa-mer discharge water is flowing downstream on the surface. The net average discharge and velocity results competed by the model for branches number 2, 6, 8, and 12 are correct but do not indicate the two-layer flow regime. The net average flow velocity computed by the nrodel at a cross section is different from what would actually be measured in either the surface or bottom flow lasers.
One way to avoid the apparent recirculation rerults is to omit branches number 3, 4, and 5 from the nrodel configuration and combine branches number 1, 2, and 6 into a single branch. This results in a computationally more efficent model but sacrifices representation of the channel storage in the South Menomonee and Burrham Canals. Accordingly, the more complex model configuration was used.
The Milwaukee Metropolitan Sewerage District (MMSD) operates two low-flow augmentation "flurhing tunnels" that divert water from the outer harbor area and discharge into the Kinnickinnic and Milwaukee Rivers (pi. 1). The Kinnickinnic River flushing tunnel diverts water from near the U.S. Coast Guard base and discharges to the river at South Chase Avenue. The Milwaukee River flushing tunnel diverts water from near the McKinley Marina and discharges into the rive' just downstream of the North Avenue Dam. The Kinnickinnic and Milwaukee River flushing tunnels have rated discharge capacities of 410 and 334 ft3 /s, respectively (Milwaukee Metropolitan Sewerage District, written commun., 1984) . This discharge compares to an average discharge of 27 and 647 ft3 /s for the Kinnickinnic and Milwaukee Rivers, respectively, during the 1983 water year (U.S. Geological Survey, 1984) . Obviously, flushingtunnel operation has a significant impact or the hydraulics within the estuary. However, the tunnels were not in operation during the selected event periods simulated by the model and, therefore, were not represented. If the model is used to simulate periodr with flushing-tunnel operation, the inflow would need to be accounted for by adding it to the upstream discriargeboundary conditions at external junction numbers 8 and 5 ( fig. 2) .
The stormwater runoff from the ungaged estuary watershed area downstream of the gaging station^ was not considered to be significant for hydrauliccomputation purposes. This 24.9-mi2 area composes less than 3 percent of the watershed area upstream of the estuary that contributes tributary inflow. Most of this area is serviced by combined sanitary and storm-sewer collectors, and the near-shore areas are very pervious. Therefore, inflow from this ungaged area was not included in the model.
Model Boundary Conditions
Stage and discharge boundary condition data provide the "driving force" to run the model. Previous applications of the U.S. Geological Survey branch-network model typically used continuous stage records as the external model boundary conditions (Holtschlag, 1981; Stedfast, 1982) . The Milwaukee Harbor Estuary branchnetwork model employs continous discharge data as the upstream tributary boundary conditions. This was done to accommodate the free-fall dam at North Avenue on the Milwaukee River and a submerged dam near 35th Street on the Menomonee River. If a stage boundary condition is used, the model's computational scheme assumes an unbroken water-surface profile and does not account properly for the Lake Michigan seiche-wave reflection from the North Avenue dam that has been observed. Correct computational results would not be obtained using boundary-condition data obtained from a stage recorder downstream from the dam because of this wave reflection. Therefore, a discharge-boundary condition was required for the Milwaukee River at North Avenue Dam.
The model cannot be used to simulate stage and discharge when abrupt changes in channel geometry occur within a short distance. Such a situation occurs in the vicinity of a submerged dam on the Menomonee River near 35th Street (pi. 1), at the upstream end of the estuary. A discharge-boundary condition was used just downstream of the dam and the abruptly changing channel geometry was omitted. Using a stage-boundary condition in the vicinity of the dam would have the same seiche-reflection problems as at the North Avenue Dam site. A discharge-boundary condition was also used at the upstream end of the Kinnickinnic River estuary at South 7th Street, where a gaging station was in operation at the start of the study.
The Menomonee and Kinnickinnic River gaging stations were affected by rising Lake Michigan levels during the second year of the study. The Kinnickinnic River gaging station was relocated to South 11th Street for this reason. The Menomonee River gage upstream at 70th Street was used to estimate discharge at the 35th Street site during periods of backwater effect (pi. 1).
Continuous 5-minute stage records were used as the boundary condition at the Jones Island channel entrance. Problems with recorder malfunctions eventually led to the installation of two additional recorders at the site to provide backup data-collection capabilities. Stage records from the U.S. Coast Guard station at the southern end of the outer harbor were used to replace missing records during periods when the Jones Island recorder failed.
Comparative plots of the Jones Island and U.S. Coast Guard base stage recorders for a daily period when both recorders were functioning properly are shown in figure 3 . The magnitude of the stage-record oscillations compares well between the two sites as c'oes the timing of the maximum and minimum stage values. The recorded stages at the two stations were within 0.1 ft of each other and peak timing is within 15 minutes. The overall plot comparison indicates that no significant errors would occur using the U.S. Coast Guard base stage records to substitute for the Jones Island missing records.
Zero-discharge (null) external boundary conditions were used for the dead-end South Meiomonee and Burnham Canals and for the Municipal "urning Basin. The channels were included in the mode1 schematic to assure that the total estuary channel storage was represented. Simulating the discharge with'n these channels was not a primary concern. Table 1 summarizes the external-boundary condition type used for each external junction node referenced to the model schematic shown in figure 2.
Model Calibration
The model was calibrated by adjusting model parameters until simulated results were h good agreement with observed values. Simulated stage was generally within 0.1 ft of that observed (recorded). The model parameters adjusted, or considered for adjustment, were the water-surface wind-drag coefficient, velocitydistribution momentum coefficient, Manning's channel roughness factor, finite-difference weighting factor, and the geometry weighting factor. Model sensitivity to 5-, 15-, or 60-minute computational intervals also was tested. The model's simulated average daily outflows at the Jones Island channel were compared to the total average daily tributary inflow to the estuary, and the simulated stage within the estuary was compared to recorded stage within the estuary. Unfortunately, it proved impossible to make actual discharge measurements at the Milwaukee River mouth (Jones Island channel), so a comparison of simulated and measured discharge could not be made.
Model Parameters
The branch-network model used in this study can account for wind-drag flow resistance. Ir order to use this capability, the user inputs channel orientation data for each model branch and also provides time-variable wind speed and direction data. An adjustable watersurface drag coefficient also is provided. Early versions of the Milwaukee Harbor Estuary model incorporated the the wind simulation. Therefore, the final model sirr-ilawind-effects simulation. However, there was no signifitions did not include wind effects. is because of the short branch lengths involved. Much of the estuary is sheltered from wind effects by tall buildings, which further reduces the effects of wind. The velocity-distribution-related momentum coefficient is used to account for a nonuniform velocity distribution over a channel cross section. Flow momentum always is greater than that computed, assuming a uniform average velocity, so a correction factor is applied to the momentum flow equation. This correction factor (momentum coefficient) can be computed using crosssectional and vertical-profile velocity measurements. Unfortunately, the flow conditions in the estuary are too unsteady to complete such a measurement before a significant change in flow occurs. Therefore, it was not possible to compute momentum coefficients for use in the model.
Values of the momentum coefficient used in previous model applications (Holtschlag, 1981; Stedfast, 1982) range from 1.00 to 1.06; values of 1.00 to 1.02 were typical. Chow (1959) also found typical values in this range. Therefore, a value of 1.00 was used for the inner harbor branches and the Jones Island channel and a value of 1.02 for the upstream tributary brancher. These values appeared to give good simulation results.
The value of the Manning channel roughness factor had virtually no effect on the model's velocity and discharge results. An initial estimate of 0.07.4 was doubled to 0.048 and halved to a value of 0.012 without any apparent change in results. The lack of model sensitivity to the roughness factor is probably related to the large dredged cross-sectional areas of the channels relative to the discharge and the relatively short reach lengths. Therefore, an average roughness coefficient of 0.024 was used throughout the estuary.
The parameters that did have a significant effect on the model's computed results were the f nite-difference weighting factors, theta and chi. These parameters affect the finite-difference computation scheme used in the model. The finite-difference weighting factor, theta, determines the time within the computaticn interval when the spatial derivatives of the stage and discharge are evaluated. The weighting factor, chi, similarly determines when the functional values of segment-geometry parameters are evaluated. The value of these weighting factors may vary from 0.00 to 1.00, but model computational stability is only assured when values of theta and chi are equal to or greater than 0.6 and 0.5, respectively (Schaffranek and others, 1981) . Use of a value of 1.0 for these factors may dampen the actual fluctuation amplitude of stage and discharge. Simulation results for this study were obtained using a value of 0.7 for theta and 0.6 for chi, and yield good agreement with recorded stage values, generally to within 0.1 ft.
The factor that has the greatest effect on the model's simulated results is the value of the stage boundary input data for the Jones Island channel site. These values are not actually model parameters and, therefore, are not subject to calibration. It is worth noting, however, that even a small change in the boundary stage value results in a large change in discharge. For example, a 0.10-ft change in stage results in a 1,200 ftVs change in a 5-minute discharge at Jones Island. This magnitude of model sensitivity overwhelms any errors that may be caused by incorrect channel roughness factors or momentum coefficients. Even though there are errors in the Jones Island Channel stage values that affect the accuracy of the 5-, 15-, and 60-minute discharges, they do not materially affect the average daily discharge computations.
Comparison of Discharge Computations Using Various Computation Intervals
Model simulations were made for a 13-day event period (March 28-April 9, 1983) using 5-, 15-, and 60-minute computation intervals to compare simulated discharge results. Table 2 compares the total flow entering the upstream estuary tributaries with the discharge computed by the model for the mouth of the Milwaukee River at Jones Island. Average daily discharge at the Milwaukee River mouth computed by the model was in good agreement with that entering the estuary at the Survey gaging stations. This is to be expected unless the estuary volume is incorrectly represented by channel geometry. Discharge at the gaging stations was computed using standard U.S. Geological Survey methods (U.S. Geological Survey, 1968a Survey, , 1968b Survey, , 1969 Survey, , and 1983 .
The model was not particularly sensitive to th? computation interval used in regard to the average daily discharge computed. Computed average daily discharge results were consistently within 2 percent of each other regardless of which computation interval was used. However, this does not assure that any given 5-, 15-, or 60-minute discharge computation is correct. The results shown in table 3 indicate a considerable variation in the daily average maximum and minimum discharge values computed using different computation intervals.
The simulated discharge extremes shown in table 3 indicate that use of a 5-minute computation interval gave an average minimum discharge of 6,766 ftVs upstream, but use of a 60-minute interval gave an average minimum of 1,147 ft3 /s downstream in the Jones Island channel. Results of using a 5-minute computation interval indicates that upstream flow occurs sometime during every day. Of course, it must be kept in mind that these sirrMlated maximum and minimum flows actually represent the average flow computed for a 5-, 15-, or 60-minute interval, not an instanteous value. Use of a 5-minute corn- putation interval is recommended if simulation of rapidly changing, unsteady-flow conditions is of importance. The use of a 60-minute computation interval would fail to indicate that upstream flow occurs during most days.
Comparison of Simulated and Recorded Stage
An important method of calibrating the Milwaukee Harbor Estuary branch-network model involved comparison of the simulated and recorded stage at the Water Street Bridge on the Milwaukee River. This site (Branch 8, cross section 2, pi. 1) was selected because of its proximity to the confluence of the Milwaukee and Menomonee Rivers. There is a notable 5-minute timing error in the peak and trough values or when stage is changing rapidly; this timing error results in up to a 0.1 ft stage error. This timing error may be the result of the clocks at Jones Island and Water Street being somewhat out of synchronization at times. The flat peak recorded at Water Street between 0845 and 0855 probably is the result of a recorder malfunction, which can occur during periods when stage oscillates rapidly; then, the recorder locks at a given reading until the oscillations slow or abate. Rapid oscilla-tions of the water surface can be caused by heavy wind and wave action or by the passage of large vessels. This type of malfunction also may have occurred from 0900 to 0905. The stage plot comparison in figure 4 appears quite good given the probable errors in the recorded stages.
Comparison of Simulated and Measured Discharge
Discharge measurements were made in the Jones Island channel in an attempt to obtain data to compare with the discharges computed by the model. Five such attempts were made. Discharge measurements were made from an anchored 20-ft boat using a Neil-Brown Instrument Systems (NBIS) acoustical velocity meter. 2 The channel cross section was divided into 10 subsections for measurement purposes. Discharge measurements were made in the early morning on calm days to minimize wind and wave effects on the boat. Unfortunately, discharge conditions were so unsteady that it was impossible to complete a cross-secticnal discharge measurement before a change in flow occurred. The simultaneous use of several NBIS meters would be required to make an adequate discharge measurement in the channel. The large cross-sectional area involved (typically 14,800 ft2 ) and the low average cross-sectional velocity (0.0 to 0.3 ft/s) further compounded measurement errors. Both cross-sectional and depth-related differences in flow direction were present during each discharge measurement. Therefore, it was concluded that the five discharge measurements made should not be used for model-calibration purposes. However, the velo- city data collected as part of the discharge measurements usually indicated the same net flow direction (upstream or downstream) at a given time as computed by the model.
SIMULATION OF SELECTED FLOW EVENTS
Six flow periods were simulated using the Milwaukee Harbor Estuary branch-network model. Simulations were made using 5-or 15-minute computation intervals. The simulated periods coincide with periods when intensive water-quality-sampling efforts were made as part of the comprehensive estuary investigation. The six periods simulated are November 7-12, 1982; March 28-April 9, 1983; August 9-14, 1983; September 10-14, 1983; October 10-20, 1983; and February 10-21, 1984 . Tables 4 through 9 present the daily maximum, minimum, and average discharge at four key locations in the estuary (table 1). These four cross sections are shown on olate 1 and indicated on the tables as Menomonee River at mouth, Milwaukee River at Michigan Street, Kinrickinnic River at mouth; and the Milwaukee River at nouth (Jones Island). The results shown in tables 4 through 9 were computed by the model using a 15-minute computation interval.
Discharges for the period September 20 through October 10, 1983, were simulated using a 60-minute computation interval. The results of this simulation are shown in table 10.
The daily discharge extremes generally occur at the same time throughout the estuary that is, the maximum flow during the day will tend to occur at approximately the same time at all cross sections throughout the estuary. There is a similar nearly-simultaneous occurrence of minimum (maximum upstream) flows as well because of the extremely powerful Lake Michigan seiche effect and the relatively short wave traveltime required to reach the upstream limits of the estuary. The greatest range in discharge occurs in the Jones Island channel (the Milwaukee River mouth). Figure 5 shows a typical range of upstream and downstream discharge as simulated by the model. The model simulation shows a change in discharge from an 8,820 ft3 /s flow upstream to a 10,350 ft3 /s flow downstream within a half hour. This type of rapid reversal in flow direction is supported by observation of surface debris in the channel. The magnitude of the flow reversal shown in figure 5 appears impressive, but the reversal duration is relatively short. It should also be noted that the associated velocity is on the order of only 0.7 ft/s, and the volume of water moved is only about one-sixth of the volume of the Jones Island channel. In effect, the simulated results in figure  5 show that a plug of water would flow about 300 to 400 ft into the channel and then flow out again over a span of 20 minutes. Such a phenomenon has frequently been observed by U.S. Geological Survey personnel working at the Jones Island gage site. Floating objects have been noted to migrate repeatedly back and forth past the gage during maintenance visits.
One effect of this observed and simulated flowreversal phenomenon is that contaminated sediment may not be flushed out of the inner harbor as fast as might otherwise be expected. Increased sediment settlement may occur in the inner harbor during periods of rapid flow reversal when periods of upstream flow or zero net velocity exist.
SUMMARY
A one-dimensional finite-difference unsteady-flow model was applied to the Milwaukee Harbor Estuary. The model provides estimates of continuous discharge and stage at selected cross sections in the estuary. The model computes net average discharge at a cross section but cannot simulate the multilayered flow conditions known to occur in the estuary.
The model was calibrated by adjusting the Manning channel roughness coefficient, the momentum coefficient, and the finite-difference and geometry-weighting factors. Satisfactory agreement was obtained between average daily discharge computed at gaging stations and that computed by the model. Good agreement also was obtained between simulated and recorded stage at a key site in the estuary, generally within 0.1 ft. However, actual calibration based on comparison of simulated and measured discharge was not possible because of the difficulty in making discharge measurements under extremely unsteady flow conditions. Six storm-runoff periods were simulated frv the model using 5-or 15-minute computation intervals. Results of using the shorter computational interval reflect the extremely unsteady flow conditions in the estuary. A short-duration upstream flow into the estuary from Lake Michigan is a common occurrence that frequently is four times larger than the average daily downstream flow. The upstream-flow effect extends throughout the entire length of the estuary. Lake seiche. In this report, an oscillation of the surface of Lake Michigan over a period of a few minutes to a few hours as a result of atmospheric disturbances.
GLOSSARY
Cubic feet per second (ft3/s).
APPENDIX: LIST OF MODEL USER-INPUT CODE
The following appendix contains the user-input code to run the U.S. Geological Survey Branch Network Model for the Milwaukee Harbor Estuary as described in this report and boundary conditions. This input list includes the channel-geometry data and boundary conditions used in the model. See the computer-program-users manual (Schaffranek and others, 1981) 
